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“The Magnetic Testing of Iron and Steel.” 
By JAXES ALFRED EWING, F.R.S., M. Inst. C.E. 

THE magnetic  testing of iron  and  steel  has become a matter of 
considerable industrial importance ; from being a  mere  laboratory 
experiment, interesting  only  to  students of physical science, it has 
quickly passed to  rank  as  an  ordinary operation in  engineering 
comparable with  the mechanical  t.esting of mahrials. Makers of 
dynamos and  transformers  require  not  only  that  the  iron  with 
which  they  are  supplied  shall be magnetically  suitable,  but  that 
its  properties  in  this respect shall be specifically ascertained. 
They realise that  large  variations  in  magnetic  quality  result from 
apparently  trifling differences in  composition or in  treatment. 
Iron  and  steel  makers  have shown themselves alive to  these con- 
siderations, and,  guided  by  the  results of magnetic tests, have 
succeeded in  producing  material enormously superior to  anything 
that could be obtained  even  two or three years ago. Especially in  
steel castings for dynamo magnets  and  in  stampings of sheet-metal 
for transformer cores the advance has been remarkable. In regard 
to dynamos this  has resulted not only in improved efficiency and 
economy but  in  giving designers  a greater  latitude as to form, by 
the  substitution  in  many cases of castings for forgings. In 
regard  to transformers, the  saving  in power brought  about  by 
the use of magnetically  better  iron  is so great  as  to affect 
largely  the  general efficiency of alternate-current systems of 
electric  distribution. A dynamo may  still be more than  fairly 
efficient even when  the  iron is of indifferent  magnetic quality. 
But  in a  transformer the waste of energy  due  to  magnetic 
action on the  iron is liable to be so large,  under  the condi- 
tions in  which transformors are commonly used, that  any con- 
siderable improvement in  the  quality of the  iron is of vital 
importance. The  value of magnetic  tests in this connection 

The discussion upon this Paper was taken in conjunction with  the  following 
one by Nr. Parshall. 
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will be evident from examples to be given  later  in  the  Paper. 
The Author’s intention is to describe and discuss some prac- 
tical methods of carrying  out  magnetic tests,  applicable  to the 
material used in dynamos and transformers ; and  further,  to  state 
the  results of a few representative tests, mainly selected from his 
own practice. 

Before proceeding to describe  methods of testing  in  detail it 
may be well to recall  the conventions which  are adopted in  stating 
the  magnetic  quality of materials, as well  as one or  two of the 
principles on which methods of testing  are based. 

Magnetic Induction and  Magnetizing Force.-Imagine a turned 
ring of iron wound with a magnetizing coil of insulated wire, 
the  turns of which  are  uniformly  distributed  all  round  the 
ring.  When a current  is passed through  the coil a state of 
magnetization is set  up  in  the  ring.  This  state  is  numerically 
expressed by the  number of lines of force which would  be 
found in a crevasse out  radially  through  the  ring,  the  number 
being reckoned per  square  centimetre of cross-section. This 
number is called the Magnetic Induction,  and is denoted by  the 
symbol B. 

The  magnetic  induction is said  to be produced by  the Mag- 
netising  Force of the  current  in  the coil. The  magnetizing force is 
simply proportional to  the  current  and  to  the  number of turns  (per 
unit of length)  in  the coil, It is expressed by  the symbol H, and 
its numerical value is 0 *4 T times  the  number of ampere-turns per 

centimetre,  or -- c N, where C is  the  current  in amperes, N is 

the  total  number of turns  in  the coil, and L is the  circumferential 
length  in centimetres.  Since L has different  values  round the 
outside  and round the  inside of the  ring it follows that H has 
correspondingly different values a t  places mar   the  inside and 
outside. By  taking  the  middle value of L a  mean is obtained for H, 
which  is  the  true  value of R in  the middle of the section. If   the 
mean diameter of the  ring be  called D, the mean  circumference is 

0.4 
L 

rr D, and hence the expression for H may  conveniently be written 
0 - 4  C N 

Magnetization of a Rod.-A long rod, uniformly wound with a 
magnetizing coil, is less simple from the  magnetic  point of view 
than a ring, for in  the  ring  the  magnetic  circuit is complete 
within  the  iron, whereas in  the case of a rod, the  lines of induc- 
tion  have  to close themselves  by  returning  partly  through  the 
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surrounding space and  partly  through  the rod itself. Thus  the 
magnetization of the rod may be  said to  react  upon  itself, 
weakening  the  magnetizing force, which  is no longer equal  to 

0‘4 c (L being  the  length of the rod in centimetres), but  to 

something less than  this.  The  extent  to  which it is less varies in  
different  parts of the rod, and consequently the  magnetization of 
the rod is not uniform. At  any  point  in  the rod the  true mag- 
netizing force is that  due to the coil, or 0 *47r times  the ampere- 
turns  per  centimetre, less a quantity  which  the  Author  has 
elsewhere  called the ‘‘ self-demagnetizing force ” ; 1 the existence 
of which arises  from the  fact  that  the rod has ends. The  longer a 
rod is taken  the less influential does the self-demagnetizing force 
become; and  when  the  length of the rod is some hundreds of times 
greater  than its diameter it becomes practicable to neglect, without 
serious  error, the existence of the self-demagnetizing force in  the 
central  portions of the rod, and  to  treat  the  magnetising force 
there as if it were due  only  to  the  current  in  the coil. With 
shorter rods, however, the influence of the ends is too considerable 
to be neglected. When  the  length is less than a hundred 
diameters it is not even ronghly  true  that  the  magnetizing force 
is 0 *4 7r times  the  ampere-turns  per centimetre. It is less by  an 
amount  depending on the  magnetic  induction, for the more 
strongly  the rod becomes magnetized, the more strongly do the 
ends  react  to oppose the magnetization. If  the influence of the 
ends in  producing  self-demagnetizing force could be  allowed for 
by calculation such  a  rod might properly  be used as a test- 
piece;  but  the  distribution of magnetism i n  a rod of uniform 
section is so far from simple  that it is not practicable to 
calculate  the  true  magnetizing force at   any point  within it. 
Hence, experiments on short rods are  not available, without  an 
important modification to be  mentioned  immediately, as a  means 
of examining  the  relation of magnetic  induction  to  magnetizing 
force in iron. 

The Ellipsoid.--One way  in  which  the conditions of the experi- 
ment can be modified to allow the  true  value of the  magnetizing 
force to  be  determined is to  give  the rod a  special form, namely, 
that of a long ellipsoid with  circular cross-section. The mathe- 
matical  theory of magnetism  shows that  this form has  the 
peculiarity of causing  the self-demagnetizing force to be uniform 
at all  points  when  the  magnetizing force due  to  the coil is uni- 

L 

* ‘‘ Magnetic  Induction in Iron and other  Metals,” p. 33 et seq. 
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form. Hence the  true  magnetizing force in  this case is readily 

found by  subtracting from the  quantity 0 * 4 P C N  -- a term  which  is 

proportional to  the magnetization of the rod. The term in ques- 
tion is found by multiplying  the magnetization by a factor which 
depends  on the  ratio of the  long to the  short  axis of the e1lipsoid.l 
The use of long ellipsoids for test-pieces is entirely satisfactory SO 

far as regards  the  intelligibility and precision of the results. Its 
great  drawback is, of course, the  expenditure of skill  and  time 
needed to give  the specimen its proper form. I t  is  important  that 
the ellipsoid be of considerable length  in comparison with  its 
transverse diameter,  otherwise  inaccuracy in  the geometrical  form 
is  liable to cause much error  In  the results. Tests  with ellipsoids 
have  hitherto been made rather for purposes of physical  research 
than for those of the workshop, the  requirements of the engineer 
being  in  general sufficiently met by one of the less refined processes 
to be described below. But  it  may be  questioned whether any 
other method is capable of equal accuracy. At  the 1mperia.l 
German  Physicotechnical laboratory ellipsoids are now used for 
tests  requiring  particular care. 

Bar  and Yoke  Methods.-Another and practically a most useful 
way  by  which  short rods may be made available as test-pieces is the 
method of the yoke, due to Dr. John Hopkinson. A rod of uniform 
section is used, and its ends are connected magnetically  by  being 
imbedded in  a  massive  yoke of the softest iron. The  magnetizing 
coil is wound on the rod only. The yoke affords an easy return- 
path for the  lines of induction ; it completes the  magnetic  circuit, 
and prevents  the  lines of induction from leaving  the  bar  at 
intermediate points. I t  avoids or greatly reduces the reaction 
which has been mentioned as existing in a short rod. The effect is 
that  when a yoke is used the  magnetizing force acting on the rod 
is practically uniform along  the whole clear length, and is  only a 
little less than  the  value calculated from the  current  in  the 

L 

magnetizing coil, namely, O S 4  c ’. A  form of yoke will be L 
later described which  allows  the correction to  be  determined, 
namely, the  amount  to  be  subtracted from this expression to  give 
the  true  magnetizing force acting on the rod. When  the correction 
in question is applied  the method of the yoke may be made as 
rigorous as can be wished. 

For particulars and values of the factor aee “Magnetic Induction in Iron 
and other  Metals,” pp. 31-32. 

Downloaded by [ TUFTS UNIVERSITY] on [27/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] EWING ON DIAGNETIC TESTING OF IRON AND STEEL. 189 

Measurem,ent of the Magnetizing Force H.-In most instances, 
whatever be the form of the sample, the  primary object of the  test is 
to determine  the  relation of the  magnetic  induction B to  the  magnet- 
izing force H. The  magnetizing force is  found from the  current 
in  the magnetizing coil, subject  (except in  the case of a  uniform 
ring)  to a  correction which  depends on the observed value of the 
induction. It will be  convenient to express the magnetizing force 

as H = H’ - K, where H‘ is  the  value of _ _ ~ ,  or  the force 

reckoned for the  current  only,  and K is  the correction  required in 
consequence of the  fact  that  the specimen is  not  an endless uniform 
ring.  When  such a ring  is used E is zero and R is  identical  with 
H’. Any  breach of continuity  in  the  ring, however, has  the effect 
of reducing H by  requiring  the  application of a  correction E. I n  
some experiments a narrow  gap  has been made in  the  ring,  and 
for such a gap  the  appropriate  value of E can  be readily calculated 
when the  width of the  gap is known  in  relation  to  the whole 
circumferential  length of the  ring.l I n  other  experiments  the 
ring  has been cut  in  two halves, and  the ends brought  into close 
contact. The  Author  has  shown elsewhere that  the presence of 
a joint  in  the  magnetic  circuit,  even  when  the surfaces which 
touch are faced as  accurately  as possible, has  an effect which 
requires  the  introduction of a  correction K before the  true 
magnetizing force can  be  deduced, and  that  the amount of this 
correction, even  for  the most perfect  mechanical joint,  is  by no 
means  negligible. In  tests where  a yoke is used, any  joint,  either 
in  the yoke or  in  the bar, tends to  increase K. 

Measurement of the Magnetic Induction B. The  Ballistic Method. 
-To measure the  magnetic  induction B, the  ballistic method 
is  the most common. A coil, generally  consisting of a few  turns 
of fine wire,  is wound  on the specimen (preferably  under  the 
magnetizing coil), and is connected to a ballistic galvano- 
meter. When  any  sudden change is made to  take place in  the 
magnetism of the piece, a transient  current is produced in  this 
coil, and  gives  rise  to a corresponding swing  in  the galvano- 
meter. To cause the  swing  to  be proportional  to the change of 
magnetism, it is essential that  the  change should in each case be 
so quickly completed, in comparison with  the slowness of the 
swing,  that  the  swing  will scarcely have  begun before the  change 
of magnetism  has finished. When  the cross-section of the  iron 

0.4n-CPu’ 
L 

‘‘ Magnetic  Induction  in Iron and  other IVtetals,” p. 264. 
2 ma, p. 273. 
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operated on is large,  this condition is not  easily satisfied, for the 
changes of magnetism then  happen so slowly that it is scarcely 
possible to  give  the galvanometer  a sufficiently long period of 
swing.  When a massive yoke is used, the same objection holds to 
the use of the  ballistic in its ordinary form, for  although  the  bar 
forming  the test-piece may  have a small section, the  return  circuit 
through  the yoke takes a comparatively  long  time  to  fully 
establish itself. The  d'ilrsonval  type of galvanometer, with La 
coil swinging between the poles of a permanent horse-shoe 
magnet, is particularly convenient for ballistic work, not  only on 
account of the constancy of its indications, and  the  fact  that it is 
not affected by external  magnetic forces, but especially because the 
swinging coil is readily  brought  to  rest  after each observation by 
the simple use of a short-circuiting key. 

Rela t ion  of Induct ion  to   Magnet iz ing Force.-The value of the 

Fig. 1. Fig. 2. Fig. 3. 

12.000. 

induction B which is produced by  applying  any  magnetizing force 
H is found to depend, not merely on the  value of H then applied, 
but on the preceding magnetic  history of the iron. When  the 
iron is not  previously magnetized, and  magnetizing force, in- 
creasing  step  by  step, is applied  to it, a relation is found  between 
the  two  quantities H and B which  is exemplified in  the curve o Q b 
of Fig. l. This is the  typical  magnetization  curve or '' perme- 
ability " curve, the  word  permeabilty  being used to  designate  the 
ratio of B to H at  any  stage  in  this process. The permeability, or 

H' B is generally  written by the symbol p. If, however, the mag- 

netizing force H, after  being raised to  any value, is reduced to zero 
and  then re-applied in the opposite  direction, the curve of B and 
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H takes a form such as is shown in Fig. 2 by  the  line a c d. And if 
the magnetism of the piece is periodically  reversed (as happens, for 
example, in  the core of a transformer)  the process, after a few 
repetitions, becomes strictly cyclic, and  is represented by a closed 
figure  such as a c d e  a, Fig. 3. A few repetitions  are necessary to 
establish a cyclic state, for it is found, in general, that  the  first 
reapplication of the  original  magnetizing force does not completely 
restore  the magnetism, and it is only  after several journeys  that 
the  return  curve comes exactly to the  starting point. There is, 
however, no important difference of position  between the locus of 
points  such as a in  Fig. 3, for cycles performed with  various 
maximums of magnetizing force, and  the  curve of Fig. 1. Hence, 
to  obtain  the  permeability  curve  the process is often followed of 
subjecting  the  iron  to  reversals of magnetizing force, and taking 
half  the  change of magnetism in a reversal as  equivalent  to  the 
magnetism  which  the same force would produce in a  previously 
unmagnetized piece. 

Hysteresis and Permeability.-Cyclic curves, such as Fig. 3, 
exhibit  the effect of what  the  Author  has called magnetic 
hysteresis, that is to  say,  the  tendency  which  the magnetism 
shows to  persist  when  the  magnetizing force is changed. They 
have  the  important  practical  property  that  the  area  they enclose 
measures the  work done in carrying  the  iron  through  the cor- 
responding cycle of magnetization. The measure of this work, in 

ergs  per cubic centimetre of the metal, is - SHdB,  or, i n  other 

words, - into  the  area enclosed by  the B-H curves. 

1 
4 r  

1 
477 

For iron  that is to  be used in dynamo-magnets the  important 
thing  to  know  is  the  relation of B to H in  the  curve of Fig. 1, 
especially in  the  upper  region of that curve,  since the magnet- 
ization  is  always in practice so strong  that B exceeds 10,000 C.G.S. 
units.  For  transformer plates, on the  other  hand, a knowledge of 
the  permeability of the  metal  under weak magnetizing force is 
useful, but  the  all-important  quantity  with  which  tests concern 
themselves is the  hysteresis, namely, the work spent in  carrying 
the  iron  through its magnetic cycle. The  two  quantities, per- 
meability  and hysteresis, have no essential connection, although  in 
general it is found  that a material  with  small  hysteresis  has  high 
permeability. In dynamo-magnets permeability  under  strong 
magnetizing forces is the desideratum, and  hysteresis is im- 
material;  in  armature  stampings  high  permeability  and  low 
hysteresis  are  both desirable ; in transformer stampings hysteresis 
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is so much the  main consideration that  if a specimen is good in  
this respect, its  permeability  may be taken for granted.  The 
quality of transformer plate  in  regard to hysteresis  may be  tested 
directly,  by means of a special apparatus  which  will  be described 
below, but it may also be determined  by  the more laborious 
process of tracing  the B-H curve in  cycles of magnetization  and 
measuring  the enclosed area. 

Application of the Ballistic Method.-A convenient arrangement 
for carrying  out  ballistic  tests,  which enables either  the  simple 
curve of Fig. 1 or  the cyclic curve of Fig. 3 to  be determined, is 

Fig. 4. 

4 
R, 

ARRAKGEYENT FOR BALLISTIC  TESTS. 

shown in Fig. 4, where A is the sample under  test.  The magnetiz- 
ing  current from the  storage  battery B is regulated  by  the  adjust- 
able resistance R, and measured by  the ampere-meter G. It passes 
through  the  key K, which, when  thrown over to one side, places 
a in  contact with c and b with d, and when thrown over to the 
other side places a in contact with e and b withf. So long  as  the 
short-circuit  key S is closed, this  simply reverses the  current,  but 
when it is opened the effect is  that  the reversal of K not only 
changes  the  sign of the  current,  but also alters its amount by 
throwing in the  supplementary  adjustable resistance R,. A very 
convenient  form for R, is that of a liquid rheostat, formed by 
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lowering a pair of amalgamated zinc plates, connected as  a horse- 
shoe, into  two adjacent vessels containing a dilute solution of 
sulphate of zinc. The  induction coil on the specimen is connected 
to  the  ballistic  galvanometer G,, and  in series with it is a large 
permanent resistance R, and also the secondary of an induction 
coil without  an  iron core (E) which is used as a  means of 
standardizing  the  ballistic galvanometer. A short-circuit  key F 
is kept closed except when a swing of the galvanometer is about 
to  be produced. A three-way  key a t  C allows the  magnetizing 
current  to be sent  either  into  the  primary of E, or into  the 
magnetizing coil of the  ring  under test. To  obtain a plain 
magnetization  curve  such as Fiy. 1, S is  kept closed, and  the 
resistance R, is not used. The  current  is  brought to any desired 
value  by means of R, and  is  then  suddenly reversed several 
times. The effect of a reversal on the  ballistic galvanometer is 
observed, and  half of this is taken as corresponding  to the 
magnetic  induction of the specimen. The process is repeated with 
a series of different currents,  giving a series of points on the 
magnetization curve. When a cyclic process is to be investigated, 
the procedure is different. The  current  is first  adjusted by means 
of R to a value  which  determines  the  extremity of the cycle ; i t  is 
reversed several  times  to find the corresponding induction (as in 
the former case). Then  it  is  suddenly reduced by  opening  the 
short-circuit  key S, and  thereby  inserting  the resistance R,, the 
key K having been  previously put over to  the  appropriate side. 
This allows any  point between a and b in  the curve of Fig. 2 to be 
found, R, being  adjusted beforehand to a suitable value. The 
swing of the galvanometer measures the  step  by  which  the 
magnetism is reduced in  passing from a (the  extremity of the 
cycle) to  the  point  in question. To continue the process, the  key 
K is switched over  to the  other side, and  then,  while S is open, is 
switched back, thereby  changing  the  current from its  full value 
t o  a value reversed in  sign  and  diminished  in amount by  an 
amount  adjusted  by  varying R, beforehand. This allows  points 
to be  found lying  anywhere between b and c of Fig. 2, and there- 
fore completes the  determination of the curve. As the  return 
curve is a copy of the first, no separate  determination of it  is 
required. The process is  at  the best somewhat laborious, but  with 
a little experience and practice  in  the  adjustment of the resistance 
R, to  give  suitable  points  in  the curve, the observations may be 
completed rapidly enough, though  the  reduction of them and  the 
drawing of the  curve  are operations which necessarily take a 
considerable  time. An example of a set of magnetic cycles 
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determined  in  this  way for a ring of cast steel  is  given  in 
Fig. 5, where  half  the cyclic  curve  for  each is drawn.  The 
points of observation are marked, and it will be  noticed that 
they  give well-defined smooth curves. 

In preparing  rings  to be tested by the  ballastic method, it is 
desirable to make the dimensions  such that  there  will be no large 
variation  in  the  magnetizing force between the  inside and the 
outside of each section. For  this reason the  width of the section 
measured radially  should be small compared with  the mean radius. 
In testing  sheet  iron,  rings  turned  or stamped out of the  sheet 
3 inches  to 4 inches  in  external  diameter and about  inch  in  radial 
width  will serve,  several of these being piled on one another  to 

Fig. 5. 

make  up sufficient cross-section. Another construction for rings 
of sheet  iron  is to  take a long  strip  and bend it into a ring of two 
or more turns,  with  the ends just overlapping. It is  then 
essential to  re-anneal  the  ring, for the  bending  hardens  the  metal 
sufficiently to  make a large difference in  its permeability and 
hysteresis. In general  the  flat  stamped  or  turned  ring is a fairer 
sample, not only because it allows the  metal  to  be  tested  in its 
original  state as regards  annealing,  but also because i t  gives  the 
average  quality of the  sheet  apart from any  variation  that  may 
exist  along and across the  direction of rolling. The  Author finds 
that a ring made by  bending a long  strip  which  has been cut  in 
the  direction of rolling,  when  annealed  after  this bending, shows 
considerably more permeability  and somewhat less  hysteresis than 
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one  which  is formed of annular  stampings  or  turned  annular 
pieces of the same metal, also  annealed. 

Gap Methocls.-Several other methods of finding B may be passed 
with  much  briefer mention. Some of these depend on the presence 
of a narrow  gap  in  the  magnetic  circuit,  the  number of lines of 
force crossing the  gap  being measured. The  gap  may  be  either  in 
the sample itself  or in  a yoke-piece used to complete the  magnetic 
circuit. In   the Author’s ‘‘ magnetic curve tracer” B is measured 
by  the device of stretching  in  the  gap a wire conveying  a constant 
current ; the .development of magnetism across the  gap causes the 
wire  to  sag  by  pushing i t  across the  lines of force. I t s  deflection 
is proportional to  the  magnetic  induction across the gap. In 
Dr. Koepsel’s apparatus  the gap takes  the form of a cylindrical 
pole i n  which a small coil is pivoted like  the coil of a d’Arsonva1 
galvanometer ; a constant  current passes through  the coil and its de- 
flection  measures the  inducti0n.l  Substantially  similar  apparatus 
has also been suggested by Mr. A. E. Kenelly  and Mr. L. T. Robin- 
soa2  In   an  apparatus made by Messrs. Hartmann  and  Braun a, 
spiral of bismuth  wire  is  inserted  in  the  gap  and serves  to  measure 
the  induction  by means of the change of resistance  which  bismuth 
is found to  undergo when placed in a  magnetic field. I n  regard 
to  all  instruments  using a gap  in  the  magnetic  circuit,  the  general 
observation may be made that K, the correction for  the  gap to be 
applied  in  calculating  the  true  magnetizing force by  the formula 
H = H‘ - K, is  generally large. I n  other words, the  true mag- 
netizing force H is found as  the difference between two  relatively 
large  quantities.  This makes any  error  in  determining K produce 
a much more than  proportional  error  in  the  resulting  value of H. 
The same objection  can  scarcely be said to  hold in  the  me of 
ellipsoids, for K can  then  be  determined  with  any degree of 
accuracy by  calculation from the measured  dimensions of the 
ellipsoid. 

Magnetometer  Method.-When ellipsoids or long rods are used, 
the magnetism may  be measured by means of a  magnetometer 
formed by  suspending a magnetic needle a t  a point outside the 
piece under test.  This method, which is of course inapplicable 
to  rings  or to bars closed by a yoke, will  be found described 
in  many text-books: and  is so little  in  practical use that it 
need not be further referred  to here. 

‘ The Electrician, vol. xxxiii. p. 274. 

3 Industries, vol. sio. p. 450. 
* Magnetic Induction in Iron and other Metals,” p. 37. 

The Electrical World, Now York, vol. xxiii. p. 236. 

0 2  

Downloaded by [ TUFTS UNIVERSITY] on [27/09/16]. Copyright © ICE Publishing, all rights reserved.



196 EWING ON MAGNETIC TESTINC) OF IRON AND STEEL. [BIinutes of 

Traction Illethods.-Another method of finding B is based on the 
fact  that  when  magnetic  induction crosses a joint between t w e  
surfaces, the surfaces  can  only  be separated  by  applying a pull 
which depends on the  intensity of the induction. The  value of 

this ‘‘ tractive force ” is - in dynes. Thus Mr. Shelford  BidwelI 

has measured the  induction  in a divided  ring  by observing the 
force required  to  pull  the  halves of the  ring  asunder,  the magnet- 
izing coil being also divided so that  its  halves should part company 
along  with those of the  ring. Simple  forms of traction “ permea- 
meter ” have been devised by Professor Silvanus P. Thompsonl and 
Mr. Gisbert Kapp,2 in  both of which  the specimen is a bar  within 
a yoke. Both of these require  that one end of the specimen shall  be 
carefully faced to form the surface a t  which  the  magnetic  attraction 
to be  measured occurs. To escape this necessity of facing  the  joint 
as well as to  meet some other objections, the  Author  has  designed 

B2 
8iT 

APPARATUS FOR TRACTION TESTS. 

another  simple form of traction  apparatus  in  which  the  joint is 
between  two surfaces in  the yoke. He makes the yoke in  three 
pieces, Figs. 6, one of which (U) is  pulled  away simultaneously 
from the  other  two (b71); b b are  short  cylinders  into which the 
ends of the test-piece  fit, and a is a piece joining them turned on 
its inner  surface  to  the same radius as the outsides of bb .  The 
bar  itself keeps b 2, in  alignment,  and a then  lies  against both. To 
standardize  the  instrument,  the  relation between the  pull  required 
to remove a and  the  induction  in  the  bar  is determined  experi- 
mentally by testing a bar  furnished  with  an  induction coil which 
allows  ballistic measurements of B to be made. I n  all  apparatus 
of this  type it is  important to  remember that  the presence of the 
joint affects the  true  value of H by  rendering a  correction K 

Journal of the  Society of Arts,  vol. xxxviii. p. 885. 
* “On Methods of Testing  the  Magnetic  Qualities of Iron,’’ Journal of the 

Institution of Electrical  Engineers, vol. xxiii. p. 199. 
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necessary (in  addition  to  the correction which is required on 
account of the yoke) ; and  further,  that  unless  the surfaces at  the 
,joint fit truly,  not  only is the  amount of this correction uncertain, 
but  the  distribution of the  induction is irregular  and  the  pull 
consequently  greater  than a  uniform distribution of the same 
mean intensity would produce. Traction methods are scarcely 
likely to yield  satisfactory  results unless particular care  be taken 
not  only in the construction but  in  the use of the  apparatus ; and 
when a skilled observer is available  they offer little,  if  any, 
advantage over the  ballistic process, while  they  are, for the most 
part, subject to some uncertainty as to  the  true  value of the 
magnetizing force. 

The most perfectly developed apparatus of the  traction  type is 
the  magnetic balance of Dr. H. du Bois, Fig. 7. Here  the  pull is 
measured  not  between the faces in contact a t  a joint,  but between 

Fig. 7. 

DU BOIS NAGNETIC BALANCE. 

portions of the yoke separated  by a narrow  gap of definite width. 
The  bar  is  inserted between two  terminal blocks and  the  magnetic 
circuit is completed by a rocking yoke supported on a knife edge 
and provided with a scale and  travelling weights. The  test is 
made by moving the  weight  until  the  rocking piece is pulled 
away from a stop on the  left-hand  side which  determines the  width 
of the gap.  Dr. du Bois provides, in  the form of a  curve, the 
necessary correction to reduce H' to H for any observed value 
of  the magnetism. The  details of this  instrument  are worked 
out  with much skill,  and  in good hands it will no doubt  yield 
satisfactory resu1ts.l 

Use of the Bar and Yoke. Determination of the Correction K.-The 
bar  and yoke, as a  device for securing  approximate endlessness, 
has been extensively used as a substitute for rings,  both in ballistic 

For a fuller description see the Electrician, vol. xxix. p. 448. 
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and  traction tests. The chief advantages of the  bar  in a  yoke 
over the  ring  are  that  the  bar  is a  form of specimen somewhat 
easier to prepare, and especially that it does not require  that each 
specimen  should have its own magnetizing coil wound upon it as 
is necessarily the case in  testing a ring.  The  bar  generally  takes 
the form of a turned rod, and  has  only to  be slipped  into a  bobbin 
on which  the coil is ready wound. I n  Dr. Hopkinson's original 
use of the yoke the  bar was in  two pieces abutting  in  the middle, 
Figs. 8, and  the  induction coil was wound on a small bobbin which 
was made to fly out  by a spring  when one of the pieces of the  bar 
was  drawn back. This allowed the  induction  in  the  bar  to  be 
measured at  any  time  after  the  magnetizing  current  had been 
passed through any series of values, and  had been brought  into 

FigS. 8. 

HOPEINSOX BAR AND Yom. 

any desired steady  state. I t  therefore  had  the  advantage of 
avoiding  error  arising from the  sluggishness  with  which  the yoke 
takes  up  its  magnetism  after  any  alteration  in  the  magnetizing 
current,;  but  this  advantage was  secured at  the cost of in- 
troducing a joint,  with consequent  increase in  the difference 
between the  true  magnetizing force and  the  nominal  magnetizing 
force H'. Apart from the influence of the  joint  the yoke itself 
renders some correction of H' necessary, in strictness, if H' is 

reckoned as c N, where L is  the clear length of the  bar 

within  the yoke. Moreover the correction is not  strictly  the same 
for  all  bars (even for one and  the same value of B), since part of it 
is due to the  fact  that  the  virtual  length of the  bar  is  greater  than 
the  clear  length,  and  the correction is consequently greater, at  any 

0-4 
L 
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giveninduction,  the less permeable the bar. Of the whole number 
of ampere-turns in  the  magnetizing coil some are used in overcoming 
the  magnetic  resistance of the yoke, and some in  overcoming the 
resistance  which  the  induction meets with  in  getting from the 
clear  part of the  bar  into  the yoke ; and  only  the  remainder  are 
effective i n  overcoming the  magnetic  resistance of the  bar itself, 
reckoned on the clear length L. However  permeable the  quality 
of the yoke, and however large  its section, the second term  in  the 
correction remains  to  be  applied  if  the  true  value of the  magnet- 
izing force is  to be  determined. 

If is clearly  desirable  to  make  the  magnetic resistance of the 
yoke small, and still more desirable  to  arrange it so that  the 
correction E can  be experimentally found. These conditions are 
satisfied by a  form of yoke  used by the  Author  and shown in 
Figs. 9. There  the specimen  consists of two bars,  magnetized in  

Ei'gs. 9. 

opposite  directions, and united  by  short yokes a t  each end. Each 
of the  two yokes is a small block of soft iron  with holes bored to 
fit the bars, and split  in  the  diametral  plane  to  allow  the  bars  to 
be tightly clasped by means of a  screw-bolt. By loosening this 
screw, the yokes may be slipped  along  the  bars so as  to enclose 
between  them  any  portion of the  whole  length.  To find the 
amount of the correction, or H - H ', i t  is only necessary to  take 
two  sets of observations, one with  the yokes  extended as far  as  the 
bars allow, and  another  with  the clear length reduced to one-half. 

0.4 T C  N 
L 

- 
I f  H' be  the  value of ~ in  the former case, and H" its  value 

in the  latter case for  the same induction B, it is easy to show that 
the correction applicable  to H" is just  twice  as  great  as  that 
applicable  to H', and hence that H" - H' is  the  value of the 
correction K to be subtracted from H' in  order to find the  true 
magnetizing force H.l 

To prove  this,  let N, L1 denote  the  number of turns  and  the  clear  length in 
the first case, and N, L, denote  them in the second case. Let C, and C, be the 
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In  a particular  application of this method the  Author  has used 
bars a inch  in  diameter  and  barely 4 inches long. The yokes are 
set so that  the clear length between them  is 6.28 (or 2 T) 
centimetres  and  the  magnetizing coils have each one hundred 

turns. Hence H‘ is 
Fig. 10. found by  multiplying 

w o o  the  number of amperes 
by  twenty. I n  the 
second part of the ex- 

clear length is reduced 
to one-half, magnetiz- 
ing coils of fifty  turns 
are used, and hence H” 
is also found by multi- 
plying  the  number of 
amperes by  twenty. 

Fig. 10 illustrates a test carried out in  this  way of a pair- of 
rods of Low Moor iron. The  curve (1) shows H in  relation to 
B, and  curve (2) shows H” in  relation  to B. When a third 
curve (3) is drawn  by  setting back points from the first through 
a  distance equal  to ‘H” - H‘, i t  gives the  relation of B to the 

l2000 periment, where  the 
1qooo 

m o o  

6,000 

w o o  

0 
MACNETISIN6 PORCF 

respective  currents in amperes  required  to  produce  the  same  value of B. Then, 
in the first case, 

0*4?rC1NJ, =HL,  + E ,  

where E is that  part of the  “magneto-motive force ’’ which is used up in over- 
coming the  magnetic  resistance of the yoke and of the sunk ends of the  bars. 
In  the second cam, when B has  the  same  value  as before, 

0 * 4 r C , N , = H L , + c .  

Here H, the  true  magnetizing force, is  the same as before, since B is the samc, 
and for  the  same reason E is also  unchangod. 

Hence H = H +  f 
L,’ 

and H” = H + t; 
from which 

If we make 

This  is  the correction denoted in the  text  by Kl, which has to  be  subtracted 
from H’ to find H. The correction is consequently  found  by  taking  the  excess 
of H” owl‘ H. See the  graphic  construction  givcn  in Figs. 10 and 11. 
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true  magnetizing force H. Fig. 11 gives in  the same way  the 
results for a pair of mild-steel rods of the same dimensions  as the 
LOW Moor rods of Fig. 9, and tested with  the same yoke pieces. 
It will be noticed that  the correction K is greater for the steel rods 
in consequence of the  greater  magnetic resistance of the  sunk 
ends.l The correction K is considerable in  both cases, and  might 
advantageously be  reduced by  using longer rods. 

m e  Magnetic Bridge.-From the point of view of workshop 
testing., each of the methods which  have been referred to leaves  a 
good deal to  be  desired, 
either  in respect of 
simplicity or i n  respect 
of accuracy. In  the 
hope of combining these 
qualities  the  Author 
has devised a new  ap- 
paratus for testing  the 
permeability of iron 
and steel, whichis based 
on the  principle of re- 
ducing  the  test  to a 
comparison of the rod 

-- 
Fig. 11. 

IAONETISING FORCl 

t o  be  examined with a standard rod, the  magnetic  curve of which 
has been already determined. This makes the operation of testing 
comparatively easy, the more difficult part  having been done before- 
hand  by  the  instrument-maker in his  test of the  standard rod. The 
process resembles the measurement of resistance in  the  Wheatstone 
bridge  by comparison with  standard coils, and from its analo,g to 
this  the  Author suggetlts that  the  new  instrument  might be  called 
a magnetic bridge, or, more particularly, a permeability bridge. 
The rod to be tested is turned to the same dimensions as the 
standard rod, and  the  two  are made to form one magnetic  circuit 
by short yokes joining  their ends. The  arrangement  is  illustrated 

From these curves the  total correction may be apportioned into its two 
constituents,  that  due  to  the  sunk  ends or K,, and  that due to the yoke proper 
or K,, the  latter  being  the same for the steel rods as for the iron rods. Thus 
with the  condition of B = 10,000,  for the iron rods H’ = 7.6,  H = 5.5,  K = 2.1, 
and for the sleelrodsH’ = 19.8,H = 16.3,K = 3.5. Then, since K,for the steel 

is 16’3 times K,, for the iron (say 3 times)- 575 
Kg + K, = 2 .1 ;  K, + 3K, = 3.5,  

from which K, = 1.4, aud KC for the iron = 0.7. In other words, with  the LOW 
Moor  rods, at B = 10,000, one-third of the  whole correction may be taken  as due 
t o  thc sunk ends, and the remaining  two-thirds to the  yoke-pieces  themselves. 
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diagramatically  in Fig. 12. The  bars  are shown a t  a a' and  the 
yokes are b V. So long  as  the  magnetic  induction B is  the same 
i n  both  bars  there  will be no difference of magnetic  potential be- 
tween  the yokes. In that case, if the yokes are connected bp a 
third  magnetic conductor c (say  a  soft iron  bar)  there  will  be 
no magnetic  induction in  c. The absence of magnetic induc- 
tion  in c may be  tested most conveniently by making a gap  in 
it and  inserting  there a compass-needle to serve as detector. 
I f  a and a' are of the same magnetic  quality it will  require 
the same number of ampere-turns on both to prevent  magnetic 
induction  in c when  the rods are magnetized. But if a' is less 
permeable than  the  standard rod a, it will  require a larger num- 
ber of ampere-turns than a. The test consists in  varying  the 
number of ampere-turns on one of therods,  while  the  number on the 
other is kept constant, until on reversal of the  current no reversal 
of induction is seen in c. In  practice this is effected by  varying 
the  number of turns  in  the  mzgnetizing coil of one  rod, the same 

current  serving for both coils. Then 
when a balance is obtained in  the detector 
in  c the  magnetizing forces on the  two 

- number of turns,  while R is the same 
for  both. Moreover B is known,  since 

the  relation of the  magnetizing force to B in  the  standard rod has 
been determined beforehand. 

Figs. 13 and 14 show the  instrument  in  detail.  The yokes are 
in  the form of iron  rings b b' held in  place by  three  longitudinal 
brass rods f f f. The cross yoke is formed of iron pieces, gg, 
which  are  carried  up  to  bring  the  detector  far enough from the 
bars  to avoid the  direct effects on it of the  magnetizing  current 
in  the coils. The detector h has a sensitising  and  directing 
magnet, k ,  adjustable on a  brass  rod below it. The  standard  bar 
a has a coil of one hundred  turns,  and, as its clear length is 
12 * 56 centimetres,  the corresponding magnetizing force (H') is 
10 C.G.S. units  per ampere of current.  The  bar  under  test, a', 
has a coil which  can  be  varied from one turn  to  three  hundred  and 
ten  turns  by means of the  dial  switches d, cl, cl,, Fig. 14. Of these, 
d, adds in one turn for  each step, d, adds ten  turns  per step, and 
cl3 one hundred  turns. In  each case the  act of switching  in more 
turns in the  magnetizing coil cuts  out  equal resistances, and vice 
ver86, by means of contacts on t.he other  half of each dial,  with  the 
effect that  the  current  is not  changed in  varying  the  number of 
turns.  The  current is brought  to  any desired value  by means of 

Fig. 12. 
----.l &' 

5 rods are proportional t o  the respective 6' 
C - 

L- 
(L, 
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an outside  resistance and  is read on an ampere-gauge. It is  then 
reversed  repeatedly by means of the reversing  key e, while  the 

h 

Figs. 14. 

PERMEABILITY BRIDGE. 

dial  switches  are  manipulated  until  the  reversal does not cause 
any permanent  displacement of the detector  needle A.l The 

to differences in the time-rate a t  which  the two bars  take up their magnetism 
There may be, and  generally  are, momentary  deflections of the needle due 

a t  each  reversal of the  current. In developing this  instrument  the  Author  at 

ballistic  detector,  using a pair of differentially  wound  induction-coils on the 
first endeavoured  to  test  the condition of balance  by  using  a simple  form of 

to  get  such  readings owing to  the circumstances just mentioned, and  that  the 
two  bars, or a single  coil on the cross-yoke ; but  he found that it was  difficult 

magneto-static  method  described in  the  text was  much to  be preferred. 
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number of turns on the  dials  is  then read off and  gives  the 
proportion to one hundred  which  the  magnetizing force on the 
test-piece bears  to  the  magnetizing force on the  standard bar. 
The  magnetizing force on the  standard  bar  is known, being  ten 
times  the  number of amperes. By  referring to the  data for the 
standard  bar B is found. I t  is the same for both bars. Thus 
the  relation of the  magnetizing force to B in  the  test-bar is 
determined,  which is the object of the test. By  using a  series 
of currents of graded  strength  as  many  points  in  the  curve  are 
found  as  may be wished. In practice, the  detector  is easily able 
to show  a difference of 1 per cent. in  the  magnetizing forces 
required  by  the  two bars. 

What is found in  this  way is the  ratio of H’ in  the  two bars. 
The  value of K for the  standard  bar can  be  found and  tabulated 
beforehand by the method already  given ; but so long  as  the  test-bar 
is not excessively  different in magnetic quality from the  standard 
bar no important  error  is caused by  taking  the  ratio of the  true 
force H in  the  two  bars to be  the same as  the  ratio of H‘ in the two. 

It should  be  added that  the  general  idea of comparing permea- 
bilities  in  the  two  arms of a magnetic  circuit is not new. The 
Eickemeyer  Differential iilagnetometer, as described by Mr. Stein- 
metz,’ had a pair of yokes on which a magnetizing coil was 
wound. Between these, ’on one side, was placed the  bar  to  be 
tested, while a bar of Norway iron  was placed on the  other side, 
and this  was supplemented by  “fractional  standard pieces ” of 
Norway iron  until a  detector set mid-way  between the yokes 
showed  a state of balance. Mr. Steinmetz  points  out  the  analogy 
of this  arrangement to the  Wheatstone bridge. In the Author’s 
apparatus a balance is produced by rarying  the  relative  magnetizing 
forces instead of the  relative sections of the  two sides of the 
magnetic  circuit,  and  the difference of magnetic  potential between 
the yokes, due  to  any  want of balance, is caused by  the cross 
yoke-pieces to  produce  a  concentrated effect on the detector instead 
of merely setting  up  magnetic  leakage  through  the  air. 

DIRECT  HYSTERESIS  TESTS. 

In judging of the  suitability of iron for  transformers, what  is 
required is a  knowledge of the  energy  lost  in consequence of 
hysteresis, in  carrying  the  iron  through reversals of magnetism 

The EZeetricaZ Engineer, New York, vol. xi. (March, 1891) p. 353; also 
Transactions of the American Institute of Electrical  Engineera, vol. ix. p. 3. 
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between known  limits, positive and negative, of the  induction R. 
Various plans  have been followed to measure this loss more 
directly  than  by  the necessarily  somewhat  laboured process of 
determining  the B-H curve for a cycle of reversals, and  then 
finding  the  area enclosed within  it.  Thus one specimen of sheet 
iron has been compared with  another  by  piling  up  strips of both 
to form the  equal cores of two equal coils, then  causing  an 
alternating  current t o  act  in both coils, and observing by a 
thermometer the  rise of temperature  in each core after a given 
time. The  heating effect here is complicated, being  due not only 
to hysteresis but  partly to the  direct action of the  current  in  the 
conducting  wire of the coils; and  partly  to  the production of eddy 
or  Foucault  currents  in  the iron. The  direct  heating  by  the 
current  is  insignificant  when  the core is  arranged to form a closed 
magnetic  circuit,  and  the  Foucault effect is small,  provided the 
plates  are  thin  and  the  frequency of the  alternations  is not excessive. 
Under these conditions the comparison is essentially a comparison of 
hysteresis losses. But to have a fair comparison the  limits of induc- 
tion B must be the same in  both cores, and  this  is best  secured by 
using cores which do not form complete magnetic  circuits, in order 
that  the  magnetic resistance of the iron itself  may be no more than a 
small  part of the whole. I n  the  watt-meter method, the  energy ex- 
pended in  causing  magnetic reversal to occur is found by  using a 
watt-meter  to measure the work done by  the  alternating  current of 
the  magnetizing  circuit.  Here  again  the  total loss is  in question, 
including  the  two sources of loss just mentioned as  well as the 
hysteresis. The most satisfactory form of core for this  test is one 
built  up of ring-shaped stampings, but  this  requires each specimen 
t o  be separately wound with  its  magnetizing coil. To avoid this 
necessity Mr. Kapp has used a composite magnetic  circuit formed 
by  an open horse-shoe made up of plates of a definite quality,  with 
a straight  bar  to close it made up of rectangular  strips of the  iron 
to be tested.1 In the  watt-meter method the  limiting positive and 
negative  value of B are  inferred from voltmeter  readings on the 
magnetizing coil or on a secondary  wound on the core under  test, 
and  an objection to the  watt-meter method in  any form is  that  this 
does not  give  the  limiting value of B with  any  certainty, since 
the  voltmeter  readings depend, to some extent,  on  the  particular 
function  which expresses the  rate of variation of B.2 Indeed, 
however accurately  the measurements of hysteresis loss under  the 

1 Journal of the  Institution of Electrical  Engineers, vol. xxiii. p. 205. 
Philosophical Transaction8 of the R o p l  Society, vol. clxxxiv. p. 1024. 
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alternating  current are camed out,  their  relation to B remains 
imperfectly  established;  and it is the objeot of the  test  to  establish 
this relation. 

cal  method  is need for  measuring  the  work done in  prcduciug 
In the Author's hysteresis  tester  for  eheet-iron, a mechani- 

magnetic reversals. The reversals  are produced by  causing  the 

F<g. 15. 

HYBTEEESIB TFSTBR 

sample  to  revolve in  the  gap  between  the pole of a widely open 
horse-shoe magnet,  and  the  work is measured by observing the 
mechanical couple existing  between  the  magnet  and  the  revolving 
sample. The instrument  is shown in  Fig. 15. 

The  sample  is  prepared by ontting  or  stamping a number of 
strips  from  the  iron  sheet, S inohes  long  and inoh wide, and 
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piling  about  half a dozen of them  (the  number used depending on 
the  thickness)  into a  bundle, which is placed in a carrier a, covered 
with a vulcanite washer, and secured by clamps b b. The  carrier 
is made to revolve by  the  friction-pulley c and hand-wheel d, and 
the  magnet e causes the  induction in  the sample to be  reversed a t  
each  half-revolution. The  hysteresis  gives  rise  to a  mechanical 
moment  between the  sample  and  the  magnet,  which is measured 
by  the device of supporting  the  magnet on a knife edge f in  line 
with  the  axis of the  carrier,  and  giving i t  a small  amount of 
stability  by  the  adjustable  weight g. The  magnet is therefore  free 
to be deflected by  this mechanical moment, and  its deflection, which 
is observed by means of the  pointer  and scale above, serves to 
measure the work spent  in overcoming hysteresis  in each  revolu- 
tion of the  carrier.  The deflection is  independent of the speed a t  
which  the  carrier is turned (so long  as  that is not so high as to  
cause a supplementary deflection by  air  currents  or  Foucault 
currents), and hence no particular care has  to be taken to turn  the 
handle a t  a  uniform rate.  There  is a vane  working  in  oil below 
the  magnet,  which serves as a dash-pot, and  the operator has  merely 
to  turn  the  handle  just  fast enough to make the impulses which 
are  given  at each  half-revolution  blend into a steady deflection. 
The deflection is observed first to one side and then to the  other by 
reversing  the  rotation of the sample. The  handle  at h serves to 
lift  the  knife edge off its  agate-bearing  when  the  instrument is not 
in  use, or when a  sample is being  inserted or removed. 

A considerable  air-space is left between the ends of the sample 
and the magnet-pole, with  the  result  that  the  total  fall of magnetic 
potential from pole to pole takes place  almost wholly  in  the  air- 
spaces, and consequently that such variations of permeability as 
are  met  with  in different samples are almost wholly  without 
influence  upon the  total  induction  through  the iron. This is 
important, since in  comparing  the  hysteresis of one specimen with 
another  the  induction should be the same for both.  The  induction 
used in  testing  is  about 4,000 C.G.S. units.  The  Author found, 
however, that no exact adjustment of the section of the sample  was 
necessary, and  that  in  making  up  the  bundle  it  is sufficient to take 
that  number of strips  which comes nearest in  total  weight  to  the 
weight of the  standard sample.' I n  practice the  testing is done by 
comparing the deflections given  by  the samples under  examination 
with  the deflections given  by  two  standard samples, the hysteresis 
of which  has been determined beforehand. The deflection is not 

'-Journal of the Institution of Electrical  Engineers, vol. xxiv. pp. 403405. 
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simply  proportional  to  the hysteresis, for it includes  a small con- 
stant term,  probably  due, for the most part,  to  the  fact  that  there 
is some hysteresis loss within  the  magnet  itself  when  the sample is 
revolving, in  consequence of changes in  the  distribution of i ts  
magnetism  every  time  the sample passes the poles. The Author’s 
experiments, made by  observing  the deflection given  by a  series of 
samples, for which the  hysteresis had been determined in  ballistic 
tests,  show that  the  calibration  curve  is a straight 1ine.l From 
this it follows that  the deflections given  by two standard samples 
are sufficient to allow any  other specimen to  have  the  absolute 
value of the  hysteresis determined. The  hysteresis of the  standards 
is stated for B = 4,000, and  the comparison of deflections therefore 
gives  results applicable to  that  value of B. If it be desired to 
infer  the  hysteresis for any  other  induction,  this is readily done by 
help of the following Table : 

Induction B. 
Limits of Relative dnlonnts 

of HystPre-is. 
2,000 . . . . . 0.33 
2,500 . . . . . 0.47 
3,000 . . . . . 0.63  
4,000 . . . . . 1.00 
5,000 . . . . . 1.41 
6,000 . . . . . 1.89 
7,000 . . . . . 2.41 
8,000 . . . . . 3.00 

The  advantages of this  apparatus  are not only  that  the  test  is a 
mechanical one, made quickly  and  without special skill on the  part 
of the observer, but  that  the sample is expeditiously  prepared and 
consumes no  more than a few  square  inches of the  iron sheet. The 
simplicity of the whole operation makes i t  practicable  to test a 
number of samples from a single  batch of plates or stampings, and 
hence  to obtain a fair  average for the  quality of the batch. That 
this is desirable is obvious from the  fact  that wide differences in  
respect of hysteresis  are found  between one plate  and  another in  
the same batch,  and even between different  portions of the same 
plate. 

RESULTS OF TESTS. 

It remains  to  give a  few representative results,  both of permea- 
bility and of hysteresis tests. With one exception  those which 
follow are  tests made by  the  Author,  and  relate  to  the iron  supplied 

1 Journal of the Institution of Electrical  Engineers,  vol.-xxiv. p. 338. 
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commercially for dynamo-magnets or for  transformer or  armature 
cores. 

I n  the  construction of dynamo magnets  “steel ” castings, or 
forgings from ingots produced by a “steel ” process, have  very 
largely  taken  the place of forgings from scrap- or puddled-iron. A 
characteristic of much of the  metal now used is  its  remarkable 
chemical purity. I n  some of the steel castings now used for dy- 
namo magnets it appears  that of the  total foreign matter,  including 
earbon,  manganese and silicon, is no more than 0.3 per  cent. of 
the whole, the  remaining 9 9 - 7  per cent. being  pure iron. It has 
long been recognised that  the absence of-impurities  in  the  iron 
conduces in  a general  way to permeability, Swedish iron, for 
example, having a high  reputation  in  this respect. But  the 
magnetic effect produced by  varying  any one Bf the foreign 
substances when  present  in small 
quantity is not even  now  dis- Fig. 16. 
tinctly known. It would  evi- 
dently be a matter of considerable  la^ 

interest  and  practical consequence 16,000 

t o  ascertain how far  the presence u.000 

of, say,  manganese or silicon, =OM) 

might be permitted  without w w  

serious  detriment to the  magnetic 8.000 

quality of the  material;  but if 6,000 

such  an  inquiry  has been carried 4.00 

out  the  results  have not, so far 2.00 

as the  Author knows,  been  made o 

public. 
I n  comparing  the  metal now supplied  for  dynamo-magnets with 

such  iron  as Swedish or Low Moor forgings, a distinction is to be 
noticed which Fig. 26 will  serve  to make clear. Of the  two 
curves  drawn  there,  to show the  relation of the  induction B to the 
magnetizing force R, one is a representative example of Swedish 
wrought  iron,  and  the  other  is a  favourable  example of unforged 
dynamo-steel cast by  an  English maker. A characteristic  curve 
for  annealed  Low Moor iron would almost coincide with  the  curve 
given  here for  Swedish iron.  Either of these  wrought  metals is 
more permeable than  the  casting when exposed to low magnetizing 
forces, but less  permeable when  the force exceeds about 10 C.G.S. 
units. In   the upper  region of the  curve each magnetizing force 
produces a  decidedly higher  induction  in  the  casting  than  in  the 
soft  wrought metal. From  the dynamo-makers’  point of view a 
magnetic  quality  such a s  that shown by  the  casting  is to be 

[THE INST. C.E. VOL. CXXVI. ] P 
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preferred, for the  magnetization of dynamo  magnets lies in  the  upper 
region of the curve, aud the  permeability  under  low forces is a 
matter of no account. Between the  best specimens of unforged steel 
castings  and  the best specimens of forged  ingot  metal  there is, in  
the Author’s  experience, very  little to choose. The  general effect  of 
forging is to  give  higher  permeability in  the  early  stages of the 
curve, but  in  the  later, and (so far as regards dynamo  magnets) the 
important stage, the  curves for  forged and unforged metal  are 
found in  the best cases to  lie  very close, almost  coinciding with o r  
just crossing  each other  when  the  magnetization  is pushed  to high 
values. In some  cases, i t  may  be added, steel  castings  have  high 
permeability even under weak magnetizing forces. 
In the following  Table,  numerical results  are  given for six 

samples of iron  or steel, all tested in the form of solid turned 

PERMEABILITY OF FORGINGS AND CASTINGS. 

Msgnetizinl 
Farce E. 

5 
10 

20 
15 

30 
40 
50 
60 
70 
80 

100 
90 

Magnetic Induction B. 

12,700 
1. 

14,980 

16,300 
15,800 

17,350 
16,950 

.. .. 

.. .. 

.. .. 

10.900 I 12.300 
11. l 111. 

16,580 

18,600  17,200 
18,390 17,000 
18,180 16,800 
17,970 

4,700 
IV. 

12,250 
14,000 
15,050 
16,200 
16,800 
17,140 
17,450 
17,750 
18,040 
18,230 
18,420 

v. 
9,600 

13,050 
14,600 
15,310 
16,000 
16,510 
16,900 
17,180 
17,400 
17,620 
17,830 
18,030 

- 

10,900 
yr. 

13,320 
14,350 
14,950 
15 , 660 
16,150 
16:480 
16,780 

17,200 
17,400 
17,600 

17,000 

rings, using  the  ballistic method. No. I is quoted from data 
given  in a Paper  by Messrs. Lydall  and  Pocklington as a test 
of exceptionally pure  iron supplied  for the purpose of experiment 
by Colonel Dyer of the  Elswick Works. The substances other 
than  iron  in  the sample were  stated t o  be : carbon, trace; silicon, 
trace ; phosphorus, none ; sulphur, 0 -013 ; manganese, 0 * 1. The 
other five are samples of commercial iron  tested by the  present 
writer. No. I1 is a sample of Low Noor  bar,  forged into a ring, 
annealed and turned. No. I11 is a steel  forging  furnished by 
Mr. R. Jenkins  as it sample of forged ingot-metal for  dynamo 

Proceedings of the Royal Society, vol. ii. p. 228. 
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magnetf3.l No. IV is a steel  casting for dynamo magnets,  unforged, 
made by Messrs. Edgar  Allen & Co. by a special pneumatic 
process under  the  patents of Mr. A. Tr0penas.l No. V is also 
an unforged steel  casting for  dynamo  magnets,  made by Messrs. 
Samuel Osborn & C0.l by  the Siemens process. No. V I  is also an 
unforged steel  casting for  dynamo  magnets,  made by Messrs. Fried. 
Krupp, of  Essen.' 

Of the  steel  castings No. VI is remarkable for its permeability 
under weak magnetizing forces. This  characteristic is better 
shown in  the following Table,  which  gives  the  magnetizing forces 
required  to produce certain  stated  amounts of induction, and also 
the corresponding values of the  permeability p. This  Table 
relates  to specimens I, 111, and VI, all of which  have  high 
permeability in  the  early  stages of the  magnetizing process. 

PERHE~BILITY UNDER WEAK MAGNETIZING FORCES. 

Induction B. Pure Iron. Steel Forging. , Steel Casting. 
Magnetic 

111. 1 VI. 
I. 

~ . - ~ ~ ~ _ _ _ _  

H. 
2,000 

2.38 3,240 1-85  6,000 
1.66 2,090 1.91 2,850 1.40 4,000 
1.18 1,450 1.38 2,520 0.90 

2,410 

8,000 2.30  3,480  2.92 
2,520 2.15 
2,740 2-83  

2,790 

10,000 
2,830 

3,220  3.62  3-10 
1,810 
2 , 470 

6-65 2,500 
2,760 ~ 4.80 

4.40 12,000 
4.05 2,760 

H. P H. 
1,290 

In further  illustration of the  properties of steel  castings for 
dynamo  magnets, the following Table  is useful as showing how 

TESTS OF OTHER SAMPLES O F  CASTINGS  PRODUCED BY THE S U E  PROCESS 
AS NO. Iv. 

Magnetizing 
Force H. -~ 

20 
30 
40 
50 
60 
70 

Magnetic  Induction B. 

15,200 , 15,200 

16,450 i 16,700 16,600 
16,200  16,050  16,000 
15,450 IVa. 1 IVb. IVC. 

17,000 
17,300 

16,850 i 17,100 

17,600 1 17,500 ~ 17,700 
17,200 I 17,450 

15 , 500 
IVd. 

16,150 
16,600 
17,000 
17,300 
17 , 600 
7 

The  Author is indebted  to these and other gentlemen for permission to 
publish  the  results of tests made in the course of examining samples submitted 
to him for report. For assistance in carrying out other tests  specially for this 
Paper  he is indebted to two of his pupils, Messrs. Roget and Werner. 

P 2  
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nearly  alike  in  their  behaviour  under  strong forces different 
castings produced by  the same process may be. The  Table  gives 
the  results of tests of four other samples by  the same makers  as No. 
IV  already quoted. Some of these  castings were made in  1894, 
others in 169G. These  tests  are  further  interesting as having been 
made with  the Author’s new  magnetic bridge, which is particularly 
well adapted for exhibiting  small differences between one sample 
and another. 

These may  be  taken as favourable examples of the  permeability 
of iron  in  bulk,  whether forged or cast. The  following  tests  relate 

PERMEABILITY TESTS OF TRANSFORJIER-PLATE AND WIRE. 

Induction D. 
Mapetic  

1,000 
2,000 

4,000 

7,000 
8,000 

10,000 
9,000 

11,000 
12,000 

3,000 

5,000 
6,000 

13,000 

15,000 
14,000 

16,000 

VII. 
Cransformer-Plate 
of Swedish Iron. 
~. 

H. 
0.81 
1.05 
1-29 
1 S54 
1.82 
2.14 

3.09 
2.54 

3.77 
4.6 
5.7 
7 .0  

11.0 
8.5 

15.1 
21.4 

~- ~~ 

1, i 3 0  
1,900 
2,320 
2,600 
2,750 
2,800 

2,590 
2,760 

2,170 
2,390 

1,710 
1,930 

1,530 
1,270 

990 
750 

I 

l 
rransfornrer-Plate 

of Scrap-Iron. 

VIII. 

1 -08 
H. 

1.46 

2-10  
1.77 

2.53 
3.04 

4.37 
3.62 

5.3 

7.9 
6.5 

11.9 
9.8 

15.0 
19.5 
27.5 

i 2 0  
1,370 
1,690 

1,980 
1,900 

1,970 
1,930 
1,830 
1,700 

1,390 
1,540 

1,190 
1,220 

770 
930 

580 

Trausfonner-Plate 
of Steel. 

IX. 

0.68 
H. 

0.90 

1.19 
1.04 

1 -38 
I -59 
1 .89 
2-25 
2.72 

4.15 
3.33 

5.40 

10.0 
7 .1  

.. .. 

__ 
F 

1,470 
2,230 

3,360 
2,880 

3,620 
3,770 

3,600 
3,700 

3,310 
3,000 
2,650 
2,220 
1,830 
1,400 .. 

X. 
Transformer-Wire. 
-~ - 

1.71 
H. 

2.10 
2.30 
2.50 
2.70 
2.92 
3.16 
3.43 
3 *77 

4.70 
4.17 

6.5 
5.45 

8.4 
11.9 
21.0 

!go 
950 

1,300 

1,850 
1,600 

2,070 
2,210 
2,330 
2,390 

2,340 
2,400 

2,200 
2,000 

1,260 
1,670 

760 

to  the  permeability of rolled plate,  annealed  after  rolling,  such  as 
is used in transformers  and dynamo armatures,  and also of wire. 
They, too, are  favourable cases, and,  when compared with  the 
foregoing, suggest  that commercial iron is improved magnetically 
-so far as regards  permeability  under  low  magnetizing forces-in 
much the same way  that it is improved  mechanically, by  the 

work ” put into  it  in  the  rolling-mill  or  the draw-plate. No. VI1 
is a recent specimen of transformer-plate, 0.301 millimetre  thick, 
rolled from Swedish  iron by Messrs. Sankey of Bilston. No. VI11 
is a specimen of specially thin transformer-plate  rolled from scrap- 
iron. No. IX is a specimen of transformer-plate  rolled from iugot- 
steel. No. X is a specimen of the  wire  which was used by Mr. 
Swinburne some years ago to  form the core of his  “hedgehog” 
transformers. Its diameter was 0.602 millimetre. All  these 
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were tested in  the form of rings,  by  the  ballistic method, the  rings 
of sheet  metal  being stamped or  turned  in  the flat. The  wire ring, 
No. X, was coiled and annealed after coiling. 

Curves  for  these  specimens are  given in  Fig. 17. It will be 
remarked that specimen X differs from the  others  in  being less 
permeable at  very low magnetizing forces ; a little  later, however, 
its curve  rises very  rapidly  with  the  result  that  the maximum of 
permeability is high,  and  in  the  upper  rangss of the  curve  this 
sample excels the others. 

In   the same Fig. another  curve is shown (No. XI),  which  is 

Fig. IT. 

0 1 2  3 + 5 6 7 8 S 1 0 1 1  l2 O I + l 5 1 6  l 7 L B 1 . 9 2 0  

interesting  as  exhibiting  the  greatest  permeability  under low 
magnetizing forces which  the  Author  has found in any specimen 
he  has  hitherto  tested.  This piece was a strip of Messrs. Sankey’s 

PERMEABILITY  TEST OF SWEDISH  TRANSFORXER-IRON No. SI .  

B. 1 H. 

2,560 2,000 1 0.78  

I B. CL 

~ 7,000 
3,000 0.90 3,340 1 1  8,000 
4,000 I :::3 1 3,880 , l  9,000 
5,000  4,230 10,000 

~- 
1,000  0.62 

~ 6,000 1,610 

‘ I  

I I .  ----- 
1.36 I 4,410 CL 

1 .57 4,450 
1.85 4,330 
2.20 1 4,090 2.64 , 3,790 
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transformer-plate 0.33 millimetre  thick rolled  from  Swedish iron; 
the  strip was  coiled into a ring of large  diameter,  and was re- 
annealed after coiling. It was of a  different  batch of plates  from 
No. VII, but  apart from this  the difference in the mode of forming 
the  ring  is probably partly responsible  for the  higher  permeability 
found in  No. XI, for the reason already indicated. It will be 
noticed that  the permeability  is  remarkably  high. Reference will 
be  made again  to these  samples in  noticing the results of 
hysteresis  tests. 

Hysteresis Tests.-Hysteresis tests of dynamo-magnet steel  are of 
little interest. The following  results  for the sample  numbered IV  
above  may,  however,  be  quoted, as it does not  appear that  data of 
this  kind for  a steel  casting  have  hitherto been  published. In this 

Fig. 18. 

and  in  other cases to be  quoted below, the  ring was taken  through 
a  series of magnetic cycles, and  the  areas enclosed by  the cyclic 

B-H curves  were  measured to find -JHdB, which  is  thework 
1 
4T 

spent  per cycle per  cubic  centimetre in C.G.S. units  or ergs. 
Fig. 5, which  has  already been  mentioned as an illustration of the 
method,  shows the form of the cycles  for ring No. IV.  The 
measured  areas,  expressed in  ergs,  are  represented in  relation  to 
the maximum B for  each  cycle in  the curve of Fig. 18, and from 
this curve  the  numerical  value of the hysteresis loss for any induc- 
tion is found. Instead of expressing the loss in  ergs  per  cubic 
centimetre  per cycle, it is often,  for  convenience in  transformer 
work,  expressed in  watts per  lb. of iron,  assuming the cycle to be 
gone through  with a frequency of 100 per second. Taking  the 
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specific gravity of the  iron to  be 7 7, the  factor for  reducing  the 
loss in ergs per  cubic  centimetre to  watts per  lb., with  a frequency 
of 100 cycle per second, is 0.000589. I n  the  Tables below both 
methods of stating  the loss are used. 

HYSTERESIS OF DYSAXO-MAGNET STEEL. 

Limits of 
Induction B. 

--__ 
2,000 
3,000 
4,000 
5,000 
6,000 
7 , 000 
8,000 
9,000 

In Ergs per 
Cubic  Centi- 
metre per 

Cycle. 

550 
970 

1,440 
2 , 030 
2,680 
3,460 
4,330 
5,250 

-- 
0.32 
0.57 1; 11,000 
0.85 ' 12,000 
1.20 1 1  13,000 
1-58  1~ 14,000 
2.04 I ,  15,000 
2.55 11 16,000 

1 1  
10,000 

3.09 l i  , 

Cubic  Centi- 
In Ergs per 

metre per 
Cycle. 

6 , 280 
7,350 
8,500 
9,680 

11,000 
12,400 
13,900 

In Watts per 
Lb.  at & 

Frequency of 
100. 

_. 
1 

3.70 
4-33 
5.01 
5.7 
6 .5  
7.3 
8.2 

Turning now to  transformer  metal, it will be seen that  in 
favourable  cases the hysteresis is considerably  lower, just  as  the 
permeability  under  weak  magnetizing  force  is  higher. The 
following  Table  gives  the  hysteresis for the samples  numbered 
VI1 to X above. 

HYSTERESIS LOSS IN TRANSFORIER-IRON. 

Induction 
Limits of 

B. 
.__ 

2,000 
3,000 
4,000 
5 , 000 
6,000 
7,000 
8,000 
9,000 

i Ergs per  Cubic Centimetre per Cycle. 

VII. 
240 
520 
830 

1,190 

2,020 
1,600 

VIII. IX. 
400 

1,730 2,940 
1,350 2,260 
1,000 1,710 

700 1,220 

430 790 
215 

2,510 I 3,710 1 2,150 

X. 
600 

1,150 
I ,  780 
2,640 
3,360 
4,300 
5,300 

3,050 1 4,560 1 2,620 1 6?380 

Watts per  Lb. at a Frequency of 100. 

~ 

0.141 
VII. 

0.306 
0-490 
0.700 
0.940 
1.200 
1.480 
1.800 - 

- 

0.236 
VIII. 

0.465 
0'720 
2-010 
1.330 
1.730 
2.180 
2.680 

- 
0.127 
IX. 

0.253 
0.410 
0.590 
0.790 
1.020 
1.270 
1 -540 - 

0.356 
X. 

0.630 
1.050 
1.550 
1.980 
2.530 
3.120 
3.750 

These  figures illustrate forcibly the contrast  between good 
modern  transformer  metal  and the iron  which a few years ago 
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was accepted as  suitable.  Favourable  as  the  results in  Nos. VI1 
and IX are, they  are excelled by those  found in  testing  sample 
No. XI, the figures  for which  are  worth  quoting  separately :- 

HYSTERESIS Loss IN STRIP OF TRANSFORMER-PLATE ROLLED FROX SWEDISH 
IRON (No. XI). 

Inductiun B. 
Limits of 

-- 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 l 

l - 

T Ergs per Cubic 
Centimetre 1 

1 per Cycle. 

640 
910 

1 

1,200 

1,900 
1,520 

2,310 

Watts per Lb. 
at a Frequency 

O f  100. 

0.129 
0.242 
0,376 
0.535 
0.710 
0.890 
1.120 
1-360 

At B = 2,500, which  is sometimes taken  as a standard condition, 
the  hysteresis loss in  this sample is 0 185  watt per  lb. a t  a 
frequency of 100.  I n  samples No. VI1 the loss i s  0,224 watt  and 
in No. IX 0.19 watt  at  this  value of B. 

Mr. Mordey, in  his  remarks on  a Paper  by Mr. Kapp,’ mentions 
that  the  Brush Company use transformer  iron made to a specifica- 
tion  which  allows  that  with  an  induction of 2,500 and a  frequency 
of 100 the loss may be 0 * 38 watt  per lb. In   the best of the samples 
cited  here  the loss is reduced to one-half of this amount. 

The  Author  has had occasion to  test a large  number of pieces of 
trausformer plate of the same batch  as sample No. XI, in  the 
preparation of standard samples  to  be used with  his hysteresis 
tester.  Taking B = 4,000 as  the condition  for reference, he finds 
values of the  hysteresis loss in these  samples ranging from 
750 ergs  per cycle  down to 580 ergs  per cycle. This  last figure is 
the lowest amount of hysteresis loss the  Author  has  hitherto found 
in  any sample of iron  or steel. It corresponds to 0.34  watt 
per lb. a t  a frequency of 100. I f  B = 2,500 were taken as the 
limit of the cycle the  hysteresis of this ‘‘ record ” specimen would 
be only 0.16 watt  per lb. 

It may be useful to compare these results  with those which  were 
published by the  Author  in describing the  first  tests of hysteresis 

Journal of the  Institution of Electrical  Engineers, vol. xxiii. p. 224. 
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ever made.l The  tests  in  question were made in  1881 in  the 
laboratory of the  University of Tokio, using specimens of iron  wire 
which  the stock of the  laboratory chanced to  furnish. One of 
these was, mechanically,  a particularly soft iron,  and  its hysteresis 
was found to  have  the following values :- 

Limits of Ergs prr Cubic 
Hysteresis Loss 

Induction B. , Centimetre 
per Cycle. 

2,000 400 

4,000 ~ 1,200 
5,000 1 1,680 
6,000 , 2,200 
7,000 ~ 2,800 
8,000 3,450 
9,000 , 4,160 

10,000 ~ 4,920 

12,000 1 6,700 
5,800 

3,000 1 780 

11,000 ' 

at a Frequency 
Watts per Lb. 

of 100. 

0.235 
0 460 
0.710 
0.990 
1.290 

2.030 
1  -650 

2.450 
2.900 
3.410 
3.940 

--- 

When  transformers came into  practical use a  few years  after- 
wards these results were often quoted, and  it was generally 
remarked  that  they were smaller  than  the losses in  the sheet-iron 
then  obtainable for transformer cores.2 The opinion was  ex- 
pressed that it was  proper to add 50, 70 or even 90 per  cent. 
to these  figures in  estimating  the probable iron loss in a trans- 
former. The  Author himself  found in  most of the specimens 
of sheet aud  wire  which  then came into  his  hands considerably 
more hysteresis  than  in  the  accidentally good specimen  tested 
in  Japan. I n  1893, however, he was able to give figures which 
in  one specimen were  not  inferior  to  the  Japanese ~ t a n d a r d . ~  
From  the  results  now published i t  is clear that  the  manu- 
facture of sheet-iron for transformer has made  a noteworthy 
advance during  the  last few  years, in regard  to  the  reduction of 
hysteresis in the iron. It is now practicable to  obtain  plates 
which  are  not  only as good as  the  Japanese wire, but  are  far  better. 
Taking B = 4,000 there was in  the  Japanese  wire a loss of 
1,200 ergs per cycle ; in  some of the  best modern commercial iron 
this  has been reduced, as we have just seen, to  800, 700, and even 
less than 600 ergs. 

Philosophical  Transactions of the  Royal  Society, 1885, Part  ii. pp.  555-6 ; 
Philosophical Magazine, vol.  xvi. p. 381. 

* Evershed  and Vignoles, The Electrician, vol. xxix. p. 606. 
Philosophical  Transactions of the Royal  Society, 1S93,  p. 985 ; The EZee 

trician, vol. xxxi. p. 623. 
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It is scarcely necessary to  add  that so much freedom from 
hysteresis is not  found  in  all specimens of the  iron  that is even 
now used in  transformers. The  Author  has  recently found as 
much  as 1,430 ergs (for B = 4,000) in  plates supplied for this 
purpose. And a specimen taken  out of a  transformer, of no very 
ancient construction, gave 1,720 ergs. I n  both of these cases 
the  original  annealing of the  plate  appears  to  have been a t  fault, 
for a re-annealing of the specimens produced a marked  im- 
provement. 

Pig. 19 will serve  as an  additional  illustration of the  variations 

Fig. 19. 

-l- 
in  respect of hysteresis  which  are  liable  to be met  with.  The curves 
there show the  cyclic process in  three samples, in each case with 
4,000 C.G.S. units  as  the  limit of B, and  the enclosed areas  give 
the hysteresis. No. XI1 is a good specimen of transformer  plate; 
No. XI11 is a poor specimen,  also supplied for use in transformers. 
No. XIV is an exceptionally bad material,  which  was supplied as 
soft iron,  but  which  appears from the  test  to be a steel of by no 
means very  mild  quality. 

These examples demonstrate  the need of testing. To see that 
it is a matter of the  highest  practical  importance  to  keep down the 
hysteresis, it is only necessary to remember that  the work which 
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is  spent  in  reversing  the  magnetism of a transformer goes on 
continuously  in  the  time  when  the transformer is giving no output 
as  well  as in  the  time  when  current  is  being  taken from it. If   the 
‘‘ load ” under  average conditions  be reckoned as  equivalent  to  full 
output for one and a half  hours a day,  an  iron loss at  the  rate of 
1 per cent. of the  greatest  output  represents 16  per cent. of the 
total  quantity of useful  work done by the transformer. It is only 
under  favourable conditions that  the loss is as low as this. By 
accepting  iron of poor quality,  such  as a few years ago was in  
general use, the loss may be more than doubled, and it does not 
need to  be said that  the  doubling of so considerable  a waste is a 
matter of moment in alternate-current supply. 

The  Paper is accompanied by  eighteen  tracings  and  two 
photographs,  from which  the Figs. in  the  text  have been 
prepared. 
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